Abstract: Secretion of insulin could be stimulated by several ways. Comparison of glucose-and swelling-induced mechanisms in pancreatic islets revealed the involvement of a novel signal transduction pathway with specific features of osmotically stimulated peptide hormone release including Ca 2+ independence and resistance to noradrenalin (NA) inhibition. Cell swelling can be induced by hypotonicity or small permeant molecules (e.g. ethanol, urea). Our experiments were aimed to compare the effect of these permeants on insulin secretion from natural system -freshly isolated pancreatic islets and rat insulinoma cell lines INS-1 and INS-1E. As expected glucose and both permeants (80 mM ethanol and urea in isosmotic medium) induced insulin release from islets and NA did not inhibit permeant-induced secretion. Although ethanol and urea induced similar swelling of tumor cells, they produced opposite effect on insulin secretion; while exposure to ethanol led to stimulation of insulin secretion, exposure to urea led to suppression in both types of neoplastic cells. Surprisingly, stimulating effect of ethanol was completely suppressed by NA in both tumor cell lines. Ethanol in hyperosmotic medium failed to stimulate and even inhibited insulin release from both tumor cell lines in present study indicating thus involvement of an osmotic component. In conclusion, the opposite effect of ethanol and urea on insulin secretion from insulinoma cells and sensitivity of ethanol stimulation to NA indicate utilization of different cellular signaling pathways in tumor cells as compared to natural β-cells. Participation of permeant effect in the mechanism of ethanol stimulation remains to be clarified.
Introduction
Maintenance of the cell volume is an important prerequisite for survival and functioning of the cell. Cell volume changes (cell swelling or cell shrinkage) induced by anisosmotic environment, hormones, oxidative stress or substrate uptake has received increasing attention as stimulus for a variety of intracellular functions and phenomena including secretion. In a general way, cell swelling evokes and shrinking inhibits exocytotic secretion (Strbak & Greer 2000; Strbak 2006) .
Cell swelling is a broad phenomenon affecting release of many hormones and enzymes after exposure of the cells to relative hyposmolarity or treatment with permeant agents such as ethanol or urea (Wang et al. 1989; Sato et al. 1990a Sato et al. ,b, 1991a Inukai et al. 1992 Inukai et al. , 1993 Strbak & Greer 2000Kucerova & Strbak 2001 . Swelling evokes an immediate secretory burst of hormones stored in secretory vesicles with dynamics, which is indistinguishable from that induced by natural secretagogue (Bacova et al., 2006a) . Secretion of essentially all so-packaged hormones, including pituitary luteinizing hormone, follicle-stimulating hormone, adrenocorticotropic hormone, melanocyte-stimulating hormone, thyroid-stimulating hormone, prolactin (Greer et al. 1983 (Greer et al. , 1985 (Greer et al. , 1990 Wang et al. 1989; Sato et al. 1990a Sato et al. , 1991 , β-endorphin (Back et al. 2000) , hypothalamic gonadotropin-releasing hormone (Inukai et al. 1992) , pancreatic insulin (Blackard et al. 1975) , and glucagon (Blackard et al. 1975) , is stimulated by cell swelling. Swelling-induced thyrotropin-releasing hormone (TRH) secretion from pancreatic islets (Benicky et al. 1997 (Benicky et al. , 2000 , hypothalamic structures (Kucerova & Strbak 2001; Najvirtova et al., 2003; Bacova et al. 2006b ) and heart (Bacova et al. 2006a ) was demonstrated. Nevertheless, cell swelling-induced exocytosis possesses lim-1040 R. Hafko et al. ited selectivity; cells specifically engaged in water and salt regulation retain their specific response to osmotic stimuli (Najvirtova et al. 2003; Bacova et al. 2006a,b) .
Secretion of insulin could be stimulated by several ways. Signaling pathway of glucose-induced secretion is relatively well-known. Glucose is metabolized through the glycolysis and Krebs cycle leading to increase of ATP/ADP ratio. This results in a closure of the ATPsensitive K + channels and depolarizes the cell membrane. Activation of calcium voltage-gated channels increases Ca 2+ entry and higher concentration of intracellular calcium stimulates insulin release (Straub & Sharp 2002) .
Much less is known about cell swelling-induced insulin secretion. Although first report appeared a long time ago (Blackard et al. 1975) , only recently this phenomenon has attracted appropriate attention (Benicky et al. 2000; Straub & Sharp 2002; Bacova et al. 2005 Bacova et al. , 2007 Orecna et al. 2008) . Comparison with signal transduction mediating glucose-induced insulin secretion indicates the presence of a novel signaling pathway (Bacova et al. 2005) . Hypotonic stimulation (most often 30% reduction of osmolarity -to 202 mOsm/L) of insulin secretion from pancreatic islets is independent from both the extracellular (Blackard et al. 1975; Straub et al. 2002; Bacova et al. 2005 ) and intracellular (Bacova et al., 2005) Ca 2+ , various insulin release inhibitors and ion-flux modifiers (Blackard et al. 1975; Straub et al. 2002) , cannot be inhibited by noradrenaline (NA) (Bacova et al. 2005) , does not involve protein kinase C (Bacova et al. 2005) , G proteins or phospholipase A2 activation and is N-ethylmaleimide insensitive (Bacova et al. 2007) .
To reduce the necessary animal experiments immortalized cells are frequently preferred in studies on cellular mechanisms. Swelling-induced peptide secretion may possess specific features in neoplastic cells (Sato et al. 1991) ; comparison of normal and neoplastic (GH4C1 and MMQ) pituitary cells showed that depletion of medium Ca 2+ enhanced hormone secretion in normal cells but abolished the cell swelling-induced hormone secretion in the tumor-derived cells. It was hypothesized that the critical role of Ca 2+ influx in osmotically induced secretion in neoplastic, but not normal, pituitary cells may reflect some fundamental alteration in the intracellular transduction system in tumor cells (Sato et al. 1991 ). Recently we have found (Orecna et al. 2008 ) that insulin-secreting tumor cell line INS-1E (in contrast to INS-1 cell) behaves atypically; instead of stimulation, there is a decrease of insulin secretion when exposed to hypotonicity. Surprisingly, perifusion with Ca 2+ depleted medium showed distinct secretory response of INS-1E cells to hypotonicity, while that of INS-1 cells was partially inhibited.
In addition to effects mediated by specific ways, ethanol and urea induce also cell swelling. As small uncharged molecules (permeants), they enter the cells followed by secondary water transport. It is believed that permeants and hypotonicity induce exocytosis via the same mechanism (for a review, see Strbak & Greer 2000) . This study was performed to compare the effect of ethanol and urea on insulin release from freshly isolated pancreatic islets and rat insulinoma cell lines INS-1 and INS-1E.
Material and methods
All animal-use protocols conformed to the guiding principles of the European Commission and approved by the Ethical Committee of the Institute of Experimental Endocrinology of the Slovak Academy of Sciences and State Veterinary Board.
Female Wistar rats (Charles River, Sulzfeld, Germany) weighing 300-350 g were kept under controlled temperature (22-24
• C) and constant 12 h light/dark cycle, fed with Purina Chow and tap water ad libitum.
Pancreatic islets Isolation of islets of Langerhans. Islets were isolated from adult female rats according to the method by Lacy & Kostianovsky (1967) . Briefly, under pentobarbital anesthesia (3.7 mg/100 g body mass) the common bile duct was cannulated proximally near the hilus of the liver, a tie was placed adjacent to the duodenum, and pancreas was distended by injection of approximately 10 mL of Hank's balanced salt solution with 1% bovine serum albumin (BSA). The pancreas was then dissected out, minced, and digested with 1 mg/mL collagenase with 0.008 g soybean trypsin inhibitor type IS in 100 mL Hank's balanced salt solution for 10 min at 37
• C. The tissue was then separated from the remaining acinar tissue under a dissecting microscope and used immediately for the experiment.
Incubation of islets in vitro. Incubations were performed in Eppendorf tubes at 37
• C. Groups of 5 islets per tube were preincubated for 60 min in Krebs-Ringer hepes buffer followed by the incubation for four subsequent 30-min periods in basal or stimulating media in final volume of 200 µL. At the end of each incubation period medium was saved for insulin radioimmunoassay.
Incubation media Basal medium. Krebs-Ringer HEPES buffer: 118 mM NaCl, 4 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 5 mM NaHCO3, 25 mM HEPES, 3 mM D-glucose, 2.5 mM CaCl2, 0.1% BSA, pH 7.4 (Bacova et al. 2005 ). This medium was used for preincubation and non-stimulated incubation periods.
Stimulating media Glucose medium. This medium was prepared by increasing D-glucose concentration to 20 mM. To maintain physiological osmolarity, the NaCl concentration was reduced to 109.5 mM. Other components were the same as in the basal medium.
Ethanol in isosmolar medium. This medium was prepared by ethanol addition to 80 mM concentration. To maintain physiological osmolarity, the NaCl concentration was reduced to 93.75 mM. Other components were the same as in the basal medium.
Ethanol in hyperosmolar medium. This medium was prepared by ethanol addition to 80 mM concentration without reducing the NaCl concentration.
Urea medium. This medium was prepared by urea addition to 80 mM concentration. To maintain physiological osmolarity, the NaCl was reduced to 93.75 mM. Other components were the same as in the basal medium.
Hypertonic ethanol and urea medium. In some experiments ethanol or urea in increasing concentrations were simply added to isosmotic medium without compensatory change in electrolyte content.
All media were gassed with 5% CO2/95% O2 atmosphere for 30 min and pH was 7.4.
Tumor cell lines
Rat insulinoma derived β cells. Rat insulin-secreting cell lines INS-1 and INS-1E sensitive to glucose stimulation (Merglen et al. 2004) , were a kind gift from Prof. Claes B. Wollheim (University Medical Center, Geneva, Switzerland). Cells were cultured in humidified atmosphere containing 5% CO2/95% O2 in complete medium composed of RPMI 1640 supplemented with 10% heat-inactivated fetal calf serum, 1 mM sodium pyruvate, 50 µM 2-mercaptoethanol, 2 mM glutamine, 25 mM HEPES, 100 U/mL penicillin, and 100 µg/mL streptomycin. The maintenance culture was passaged once a week by gentle trypsinization.
Static incubation of attached cells (INS-1, INS-1E)
The experiments were performed in 12-well plates in 1 mL of medium. Cell density was 3 × 10 5 per well. Before the experiments, cells were maintained for 2 h in glucose-free KrebsRinger bicarbonate HEPES buffer of the following composition: 135 mM NaCl, 3.6 mM KCl, 5 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgCl2, 1.5 mM CaCl2, and 10 mM HEPES, pH 7.4. BSA (0.1%) was added as an insulin carrier. The cells were then washed twice in phosphate buffered saline and preincubated for 30 min in a glucose-free medium. Next, cells were washed once with glucose-free Krebs-Ringer bicarbonate HEPES buffer and then stimulated for 30 min in this buffer as indicated. Insulin released into medium was measured by radioimmunoassay.
Incubation media
Basal medium (292 mOsm/kg H2O). Krebs-Ringer Hepes buffer: 133.75 mM NaCl, 3.6 mM KCl, 5 mM NaHCO3, 0.5 mM NaH2PO4, 0.5 mM MgCl2, 1.5 mM CaCl2, and 10 mM HEPES, 2.5 mM glucose, 0.1% BSA, pH 7.4.
Stimulating media Ethanol medium. This medium was prepared by ethanol addition to 40, 80 or 160 mM concentration. To maintain physiological osmolarity, the NaCl concentration was reduced to 113.75, 93.75 or 53.74 mM. Other components were the same as in the basal medium.
Urea medium. This medium was prepared by urea addition to 40, 80 or 160 mM concentration. To maintain physiological osmolarity, the NaCl concentration was reduced to 113.75, 93.75 or 53.74 mM. Other components were the same as in the basal medium.
Specific inhibitors of glucose-induced insulin secretion (NA) were added to stimulating medium in some experiments.
Confocal laser scanning microscopy A confocal laser scanning microscope LSM510 META on Axiovert 200 (Zeiss, Germany) was used to investigate proportion parameters of INS-1 and INS-1E cells before and after stimulation by medium containing 80 mM ethanol or urea. All measurements were taken in time series scanning mode using C-Apochromat 40× objective with water immersion (numerical aperture 1.2). He-Ne-laser line (633 nm) was used as an illumination source; the cells were measured in transmission and reflection contrast using 620-680 nm BP filter.
Radioimmunoassay for insulin
Insulin released into medium was determined directly by specific radioimmunoassay. All samples from each experiment were analyzed in the same assay to avoid interassay variation. Insulin standards were prepared in each type of medium we utilized and thus the correction for potential effect of different media on the antibody binding was included. Radioactive 125 I-insulin was prepared in our institute (Zorad et al. 1985) . Rabbit anti-insulin antibody was provided by Dr. Štolba (Institute of Endocrinology, Prague). Synthetic insulin was obtained from Novo Nordisk (USA). All assays were performed in total volume of 400 µL 0.01 M phosphate buffered saline (pH 7.4). After overnight incubation of samples with the antibody at 4
• C, bound and free peptides were separated by 200 µL cold dextran coated charcoal (500 mg Norit + 50 mg dextran in 100 mL H2O). After 15 min centrifugation at 3,000×g, the radioactivity of pellet was measured by radioimmunoassay multidetector counter JNG-402 (URVJT, Prague).
Data analysis
Results of static incubations were expressed as percentage of basal secretion (mean ± SE). Data were compared by Student's t-test and one way ANOVA for repeated measurements when relevant. Differences were considered significant at level at least p < 0.05.
Results

Pancreatic islets
Glucose, ethanol and urea stimulated insulin release from freshly isolated pancreatic islets (Fig. 1) . NA, a physiological inhibitor of glucose-induced insulin secretion completely inhibited glucose-stimulated insulin secretion, while neither ethanol-nor urea-induced insulin secretion (Fig. 1 ) was inhibited. a Measurements were taken in time series scanning mode using a confocal laser-scanning microscope. Parameters were measured before and 160 s after ethanol stimulation. Values are shown as mean ± SE; *P < 0.05, **P < 0.005, ***P < 0.001, compared to parameters before stimulation (paired t-test). a Measurements were taken in time series scanning mode using a confocal laser-scanning microscope. Parameters were measured before and 460 s after urea stimulation. Values are shown as mean ± SE; *P < 0.05, **P < 0.005, ***P < 0.001, compared to parameters before stimulation (paired t-test). Fig. 1 . Effect of NA on glucose, ethanol and urea stimulated insulin secretion from isolated islets of Langerhans. After preincubation islets were incubated for two subsequent 30-min periods alternately in control (basal) medium containing 2.5 mM glucose and stimulating medium (15 mM glucose, 80 mM ethanol and urea) with or without 1 µM NA. Insulin secretion during control period was considered to be 100%. Values are shown as mean ±SE (n = 10); * * * P < 0.001 compared to control period;ˆˆP < 0.001 compared to glucose bar. Only stimulating effect of glucose was prevented by NA.
Insulinoma cell lines
Effect of ethanol applied in various concentrations (40, 80 and 160 mM in isosmotic medium) on insulin secretion from tumor cell lines is illustrated in Figure 2 . In both INS-1 and INS-1E cells all the three concentrations induced significant increase of insulin release (Fig. 2) .
In contrast to stimulation in pancreatic islets, clear suppressing effect of urea at each tested concentration (40, 80 and 160 mM in isosmolar medium) on insulin secretion in both insulinoma cell lines was demonstrated (Fig. 3 ). . At the end of incubation the medium was removed and analyzed for insulin. Insulin secretion during control period was considered to be 100%. Values are shown as mean ±SE (n = 10); * P < 0.05, * * * P < 0.001 compared to control period. no significant differences between the changes of twodimensional area in these two cell types showing that both have similar volume responsiveness to these permeants.
NA (1 µM) inhibited glucose-stimulated insulin secretion in INS-1 cells, while its effect in INS-1E cell line was only partial (Fig. 4) . In contrast to freshly isolated islets (Fig. 1) , ethanol-induced insulin secretion was completely abolished by NA in both cell lines (Fig. 4) .
Effect of various concentrations (40, 80 and 160 mM) of ethanol applied in hyperosmotic medium on insulin secretion from tumor cell lines is shown in Figure 5 . In INS-1 cells all three concentrations induced significant decrease of insulin release (Fig. 5) . Similarly in INS-1E cells 40 and 80 mM concentrations were effective; the inhibiting effect of the 160 mM was on the borderline of statistical significance in this experiment (Fig. 5) . After preincubation cells were incubated for two subsequent 30-min periods alternatively in control (basal) medium containing 2.5 mM glucose and stimulating medium (15 mM glucose or 80 mM ethanol) with or without 1 µM NA. Insulin secretion during control period was considered to be 100%. Values are shown as mean ±SE (n = 10); *P < 0.05, **P < 0.005 compared to control period;ˆP < 0.05,ˆˆˆP < 0.001 compared to glucose bar, # P < 0.05, ### P < 0.001 compared to ethanol bar.
Discussion
Cell swelling induced by small permeant molecules (ethanol or urea) results in a secretory response in various types of cells (Sato et al. 1990a,b; Inukai et al. 1992 Inukai et al. , 1993 Benicky et al. 1997 Benicky et al. , 2000 Kucerova & Strbak 2001) , but mechanism of its effect inducing exocytosis is relatively unrecognized (Strbak & Greer 2000) . Ethanol and urea are osmotically active substances that easily cross the plasma membrane. Their entrance into the cell is followed by water influx, they can thus perturb the cell volume due to an imbalance between intraand extracellular osmotic pressure.
Here we have shown that both ethanol and urea stimulated insulin secretion from natural cells -freshly isolated pancreatic islets. In contrast to glucose stimulation, ethanol-and urea-induced insulin secretion was NA-resistant, indicating thus involvement of cell swelling-induced secretory mechanism in islets (Bacova Results received in tumor cell lines in the present study are essentially different despite the fact that ethanol and urea induced distinct cell swelling (prerequisite of permeant-mediated stimulation of secretion) in both tumor cell lines (INS-1 and INS-1E) in extent close to that induced by 30% hypotonicity (Orecna et al. 2008) . In contrast to ethanol, urea inhibited insulin secretion from tumor cells.
Stimulating effect of ethanol on insulin secretion from INS-1 and 1E cells is in accordance with previous data showing the ethanol-induced release of TRH and insulin from freshly isolated islets of Langerhans (Benicky et al. 1997 (Benicky et al. , 2000 . Ethanol added in vitro stimulated secretion in various systems including taurine and aspartate release from primary astrocytes (Kimelberg et al. 1993 ) and secretion of peptide and protein hormones, e.g. hypothalamic luteinizing hormonereleasing hormone (Inukai et al. 1992 (Inukai et al. , 1993 , hypophysiotropic hypothalamic TRH (Nikodemova et al. 1997) and pituitary prolactin (Sato et al. 1990a) . Previous studies showed also stimulating effect of urea on release of prolactin in GH4C1 cells (Sato et al. 1990b ), gonadotropin-releasing hormone secretion from perifused rat median eminence (Inukai et al. 1992) and TRH from rat brain septum (Kucerova & Strbak 2001) . In contrast to these data as well as stimulating effect in natural β-cells shown in present study, our experiments revealed suppressing effect of urea on insulin secretion from INS-1 and 1E cells. It is of interest that hypotonicity also induced suppression of insulin secretion in INS-1E cells (Orecna et al. 2008) . The mechanism of this unexpected response in some tumor cells remains unclear, although desinhibition of the secretory response to hypotonicity by calcium depletion (Orecna et al. 2008) suggests a peculiar signal transduction pathway.
In natural cell system -freshly isolated pancreatic islets, it was shown that in contrast to glucose-induced insulin secretion, swelling (hypotonicity)-induced insulin secretion is resistant to NA inhibitory effect (Bacova et al. 2005) . Sensitivity of ethanol-induced insulin secretion to NA inhibition in both tumor cell lines in present experiments indicates that signaling pathway differs from that involved in natural β-cells; mediation by its permeant effect is therefore questionable. There are several ways how ethanol could induce secretion. It is well known that ethanol modifies K + channels activity (Jakab et al. 1997 (Jakab et al. , 2006 Brodie et al. 2007 ) and that some effects are mediated via receptors (Botta et al. 2007; Ren et al. 2008) .
In natural islet cells ethanol induced insulin secretion only in isosmotic but not in hyperosmotic solution when swelling was absent (Benicky et al. 2000) . In the present study, ethanol in hyperosmotic medium failed to stimulate and even inhibited insulin release from clonal cells, thus indicating that osmotic component plays a role in its stimulation. This of interest especially if we consider that tumor cell lines used in present work were shown to be relatively resistant to the inhibitory effect of hypertonicity on glucose-induced insulin secretion (Orecna et al. 2008) .
Why effect of both permeants ethanol and urea on insulin secretion is so different in natural and clonal cells remains to be an enigma. Its solution may bring an important clue to understanding of some fundamental mechanisms in tumor cells.
In conclusion, the opposite effect of ethanol and urea on insulin secretion from insulinoma cells and sensitivity of ethanol stimulation to NA indicate that they utilize different cellular signaling pathways in tumor cells as compared to natural β-cells. Participation of permeant effect in ethanol stimulation remains to be clarified.
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